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ABSTRACT
A r e s i d u a l  s o i l  p r o f i l e  d ev e lo p ed  on a  l a t e  L aram ide q u a r tz  
m o n zo n ite  from  th e  Id ah o  B a th o l i th  was a n a ly z e d  t o  d e te rm in e  th e  
ch em ica l and m in e r a lo g ic a l  changes t h a t  o c c u r  d u r in g  w e a th e r in g . 
Em phasis was p la c e d  on i d e n t i f i c a t i o n  o f  th e  c la y  m in e ra ls  and i n t e r ­
p r e t a t i o n  o f  th e  f a c t o r s  in f lu e n c in g  t h e i r  f o rm a t io n .  M e ta h a l lo y s i te ,  
m o n tm o r i l lo n i te ,  m ixed l a y e r  c h l o r i t e - v e r m i c u l i t e , f i n e  g ra in e d  b i o -  
t i t e  and q u a r tz  a r e  p r e s e n t  i n  th e  l e s s  th a n  two m ic ro n  f r a c t i o n .  
M e ta h a l lo y s i te  and m o n tm o r i l lo n i te  a r e  p ro d u c ts  o f  f e l d s p a r  decom­
p o s i t i o n ,  w h ile  b i o t i t e  a l t e r s  t o  m o n tm o r i l lo n i te  an d  m ixed l a y e r  
c h l o r i t e - v e r m i c u l i t e .
E le m e n ta l a n a ly s e s  show n e t  l o s s e s  i n  p o ta s s iu m , sodium , and 
ru b id iu m  and n e t  g a in s  i n  s tro n t iu m  and i r o n .  E f f e c t i v e  le a c h in g  o f  
th e  more s o lu b le  c a t io n s  f a v o r s  th e  fo rm a tio n  o f  m e ta h a l lo y s i t e ,  th e  
m ost ab u n d an t c la y  m in e r a l .  O th e r  p ro p o se d  f a c t o r s  a f f e c t i n g  c la y  
m in e ra l  fo rm a tio n  a r e ; ( l )  T opography , (2 )  W ater c o n te n t  o f  th e  s o i l  
and  ( 3) Hydrogen io n  c o n c e n t r a t io n .
v i
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INTRODOCTION
Scope o f  th e  p ro b le m . The o b je c t iv e  o f  t h i s  t h e s i s  problem  was 
t o  exam ine i n  some d e t a i l  th e  m in e ra lo g ic a l  and c h e m ic a l c h a n g e s , apd 
t h e i r  r e l a t i o n s  t o  each  o th e r ,  t h a t  o c c u r  th ro u g h o u t t h e  developm ent 
o f  a  r e s i d u a l  s o i l  p r o f i l e  from  th e  u n w eath ered  p a r e n t  m a te r ia l  t o  th e  
p ro d u c t iv e  "A" h o r iz o n .  To acco m p lish  t h i s ,  a  s o i l  s i t e  o f  r e s i d u a l  
o r ig in  was s e le c t e d  p ay in g  c a r e f u l  heed  tc% ( l )  The r e s id u a l  n a tu r e  o f  
th e  p r o f i l e ,  (2 )  The hom ogeneity  o f  t h e  p a r e n t  m a te r ia l^  and  ( 3 ) Thà 
f e a s i b i l i t y  o f  c o l l e c t i n g  a  com ple te  v e r t i c a l  s e c t io n  from  th e  s u r -  ' 
f a c e  t o  th e  u n w eath ered  b e d ro c k .
L o c a tio n  and n a tu r e  o f  th e  s o i l  s i t e . A s o i l  p r o f i l e  d ev e lo p ed  
on a  l a t e  L aram ide q u a r tz  m onzon ite  in  t h e  Idaho  B a th o l i th  w hich f i t s  
t h e  above q u a l i f i c a t i o n s  i s  exposed  i n  a  ro ad  c u t  a b o u t 300 y a rd s  
s o u th  o f  t h e  L olo  Hot S p r in g s  in  M s s o u la  C ounty , M ontana, The ex­
p o su re  i s  on a  l o c a l l y  e a s tw a rd  s lo p in g  e r o s io n a l  s u r f a c e  o f  th e  
m a rg in a l p lu to n ic  f a c i e s  o f  t h e  Idaho  B a th o l i t h .  The c o l l e c t i n g  s i t e  
i s  a t  an e le v a t io n  o f  a b o u t 4 2 0 0 ' and m a in ta in s  a  f o r e s t  v e g e ta t iv e  
c o v e r in g  w hich  i s  s u p p o r te d  by  an  e s tim a te d  a n n u a l p r e c i p i t a t i o n  o f  
a b o u t 25 i n c h e s .  P r e c i p i t a t i o n  o c c u rs  l a r g e l y  d u r in g  th e  w in te r  months 
a s  snow . The a re a  i s ,  i n  g e n e r a l ,  a  m a tu re ly  d i s s e c te d  e r o s io n a l  s u r ­
f a c e .  E f f e c t s  o f  w e a th e r in g  a r e  e v id e n t  to  a  d e p th  o f  ab o u t f i f t e e n  
f e e t  w ith  a  w ide t r a n s i t i o n a l  zone fo rm in g  th e  "C" s o i l  h o r iz o n  b e ­
tw een  b e d ro ck  and r e l a t i v e l y  t h i n  "B" and "A" s o i l  h o r iz o n s .
The "A" h o r iz o n ,  a s  u se d  h e r e ,  in c lu d e s  t h a t  p o r t io n  o f  t h e  
p r o f i l e  from  th e  s u r f a c e ,  w hich i s  d a rk e n e d  by o rg a n ic  m a t te r  (sam p le s  
1 - 3 )  downward to  th e  zone o f  a c c u m u la tio n  o f  f in e  g r a in e d  m a te r ia l
1
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and i r o n  o x id e s .  T h is  zone o f  a c c im n la t io n  (sam p les  4 - 8 )  i s  th e  "B" 
h o r iz o n  and  g ra d e s  downward w i th in  sam p les n in e  t o  tw e lv e  i n t o  th e  
"C” h o r iz o n  (sam p les  1 3 - 2 1 ) ,  w hich i s  composed o f  m a te r ia l  s im i l a r  t o  
th e  p a r e n t  ro c k ,  b u t  i s  l e s s  c o h e r e n t .
S a m p lin g . A v e r t i c a l  c o re  sam ple w as o b ta in e d  by d r iv in g  a  m e ta l 
p ip e  i n t o  th e  s o i l  p r o f i l e ,  w ith d ra w in g  th e  p ip e  and rem oving th e  
s o i l  m a t e r i a l .  The m a te r i a l  w as n o t removed a s  a  s o l i d  c o re  b u t  had  
t o  b e  dug from  th e  p ip e ,  c a u s in g  d is a g g r e g a t io n  o f  th e  g r a i n s .  To 
f a c i l i t a t e  re m o v a l, th e  p ip e  was w ithd raw n  a t  i n t e r v a l s  o f  s ix  in c h e s  
and th e  sam ple rem oved, A s m a ll to p  p o r t io n  o f  each  sam ple su cc ee d in g  
th e  to p m o st one was d is c a rd e d  to  e l im in a te  c o n ta m in a tio n  by c a v in g  
from  a b o v e . A ll  t h e  m a te r ia l  from  each  s ix - in c h  i n t e r v a l  was i n ­
c lu d e d  a s  a  s in g le  sam ple and g iv e n  a  num ber in c r e a s in g  n u m e r ic a lly  
from  t h e  to p  downward. A t o t a l  o f  tw e n ty -o n e  sam ples was c o l l e c t e d  
t o  a  d e p th  o f  t e n  and o n e - h a l f  f e e t .  The m a te r ia l  a t  t h i s  d e p th  was 
o n ly  s l i g h t l y  w e a th e re d  b e d ro c k .
A n a ly ses  p e rfo rm e d , A number o f  a n a ly s e s  w ere perfo rm ed  on 
sam ples c o l l e c t e d  from  t h e  s o i l  p r o f i l e .  A d e t a i l e d  d e s c r ip t io n  o f  
th e  a n a l y t i c a l  te c h n iq u e s  i s  in c lu d e d  a s  A ppendix I ,  T hese in c lu d e  : 
(1 )  M ech an ica l a n a ly s e s ;  (2 )  M in e ra lo g ic a l  a n a ly s e s  o f  p a re n t  ro ck  
and w e a th e r in g  p ro d u c ts ;  (3 )  C a tio n  exchange c a p a c i t i e s  o f  t h e  b u lk  
s o i l  s a m p le s ; (4 )  Type o f  exchange c a t io n s ;  (5 )  Ifydrogen io n  co n ­
c e n t r a t i o n  and ( 6 ) E le m e n ta l a n a ly s e s  o f  th e  b u lk  sam p les in c lu d in g  
Na, K, S r ,  Rb and F e .  An a t te m p t i s  made t o  e v a lu a te  th e  s i g n i f i ­
c an ce  w hich  each  o f  th e s e  have i n  r e l a t i o n  to  th e  t o t a l  change i n  
m in e ra lo g y .
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RESULTS OF THE A R A lïS E S
M ech an ica l a n a ly s e s . G ra in  s iz e  a n a ly s e s ,  a s  d e te rm in e d  by  
th e  s o i l  h y d ro m e te r and  s c re e n in g ,  a r e  p r e s e n te d  g r a p h ic a l ly  i n  
f i g u r e s  1 ,  2 and 3* F ig u re  1  p r e s e n ts  e a c h  s iz e  f r a c t i o n  o f  th e  
even  num bered sam ples a s  a  p e rc e n ta g e  o f  th e  w hole sam ple* Such a 
p r e s e n ta t i o n  e n a b le s  one t o  see  a t  a  g la n c e  th e  g e n e ra l  t r e n d  o f  t h e  
s iz e  ch an g es  w ith  d ep th *  As w ould be e x p e c te d  f o r  a  r e s i d u a l  s o i l ,  
th e  c o a r s e  s i z e  f r a c t i o n  (sa n d )  in c r e a s e s  downward w ith  a  c o r r e ­
sp o n d in g  d e c r e a s e  i n  th e  f i n e r  c la y  s i z e  m a t e r i a l .  The sh a rp  
i n c r e a s e  i n  c la y  and s i l t  i n  th e  h o r iz o n  (sam p les 6 and 8 , 
c o r re s p o n d in g  to  d e p th s  o f  3 and 4  f e e t )  i s  a t t r i b u t e d  t o  downward 
t r a n s l o c a t i o n ,  b y  p e r c o l a t i n g  w a te r s ,  o f  th e  f i n e r  s i z e  m a t e r i a l .  A 
second  c o n c e n t r a t io n  o f  c l a y  m a te r ia l  o c c u rs  in  sam ple f o u r t e e n .  T h is  
a p p e a rs  t o  b e  t h e  zone i n  w hich th e  p a r e n t  ro ck  lo s e s  i t s  c o h e re n c e , 
th u s  a l lo w in g  some t r a n s l o c a t i o n  and  c o n c e n tr a t io n  o f  th e  c la y  s iz e  
p a r t i c l e s .
The h is to g ra m s  o f  e a c h  sam ple ( F ig .  3) p r e s e n t  th e  g e n e ra l  d i s ­
t r i b u t i o n  o f  g r a in  s i z e  w i th in  each  s a m p le . Most o f  th e  h is to g ra m s  
show two m axim a, one i n  th e  c o a r s e  (sa n d )  re g io n  and one in  th e  c la y  
( l e s s  th a n  tw o m ic ro n ) f r a c t i o n  « C o n s id e rin g  t h e  h is to g ra m s  t o  r e ­
p r e s e n t  ro u g h ly  t h e  d i s t r i b u t i o n  c u rv e s  f o r  each  sam p le , th e  above 
maxima a re  o b se rv e d  t o  b e  n e a r ly  sy m m e tr ic a l in  th e  u p p e r ,  more h ig h ly  
w e a th e re d , sam ples and t o  b e  skewed s h a rp ly  t o  th e  sand s id e  o f  th e  
c u rv e  i n  t h e  lo w e r  p a r t  o f  th e  p r o f i l e . T h is  b im o d al symmetry i s  due 
t o  t h e  te n d e n c y  o f  t h e  f e ld s p a r s  to  b e  re d u c ed  t o  c l a y  p a r t i c l e s
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F i g u r e  1 .  C h a r t  s h o w in g  e a c h  s i z e  f r a c t i o n  a s  a  p e r  c e n t  
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F i g u r e  2 .  T r i a n g l e  d i a g r a m  o f  s i z e  f r a c t i o n s  c a l c u l a t e d  
a s  1 0 0  p e r  c e n t  s a n d  - | -  s i l t  -4 - c l a y .
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F i g u r e  3 .  H i s t o g r a m s  o f  t h e  s i z e  f r a c t i o n s  o f  t h e  e v e n  
n u m b e r e d  s a m p l e s .
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d u r in g  w e a th e r in g  w h ile  t h e  more r e s i s t a n t  q u a r tz  g r a in s  a r e  
r e l a t i v e l y  u n ch an g ed . The t r a n s i t i o n  from  asym m etry t o  b im odal 
q y im e try  i s  g ra d u a l  th ro u g h o u t th e  p r o f i l e  and c o n ta in s  no sh a rp  
ch an g es  betw een  c o n s e c u tiv e  sam ples a s  m ig h t be  e x p e c te d  i f  th e  s o i l  
w ere o f  t r a n s p o r t e d ,  i n s t e a d  o f  r e s i d u a l  o r i g i n .
The t r i a n g u l a r  d iag ram  ( F ig .  2 ) shows th e  g e n e ra l  p a th  o f  
m ec h a n ica l w e a th e r in g  c a l c u l a t e d  t o  100^  san d , s i l t  and  c l a y .
T ra sk  s o r t i n g  c o e f f i c i e n t s  (K rum bein, 1938 , p .  230) a l s o  s u p p o rt  
a  r e s i d u a l  o r ig in  o f  t h e . s o i l  p r o f i l e ,  f a l l i n g  c o m p le te ly  o u t o f  th e  
ran g e  f o r  n o rm al s e d im e n ta ry  r o c k s . V alues o f  th e  s o r t i n g  c o e f f i c i e n t  
ran g e  up  t o  1 2 .7  ( g r e a t e r  th a n  4 .3  i s  p o o r ly  s o r te d )  i n  th e  u p p e r 
p o r t io n  o f  t h e  p r o f i l e  b u t  a r e  somewhat lo w e r  i n  th e  lo w e r  ”C" h o r i ­
z o n . A ll  v a lu e s  a r e  to o  h ig h  f o r  m a te r ia l  t h a t  h as  b een  t r a n s p o r te d  
and  s o r t e d  t o  a ry  d e g re e  b y  ru n n in g  w a te r .
M in e ra lo g ic a l  a n a ly s e s . The m odal a n a ly s i s  o f  th e  p a r e n t  r o c k ,  
a s  d e te rm in e d  by com bined p é t ro g ra p h ie  and x - r a y  t e c h n iq u e s ,  shows 
th e  ro c k  t o  be  a  q u a r tz  m o n z o n ite . The m in e ra lo g y  o f  th e  ro c k  i s  
q u i t e  s im p le ,  c o n s i s t i n g  d o m in a n tly  o f  f e l d s p a r ,  q u a r tz  and b i o t i t e  
w ith  m in o r a p a t i t e ,  h o rn b le n d e , sphene a n d  opaque m in e r a ls .  The f e l d ­
s p a r s  a r e  h ig h ly  a r g i l l i z e d ,  even  i n  t h e  f r e s h e s t  r o c k ,  and  th e  
m o t t le d  n a tu r e  m akes c o m p o s it io n a l  d e te r m in a t io n s  e x tre m e ly  d i f f i c u l t .  
A few  r e l a t i v e l y  u n a l t e r e d  p l a g io c la s e  g r a in s  e x h ib i t i n g  a l b i t e  tw in ­
n in g  w ere d e te rm in e d  t o  b e  o l ig o c l a s e  b y  th e  m ethod o f  M ichel-L evy  
(W ah lstro m , 1 9 3 5 ) . The re m a in in g  f e l d s p a r  i s  p e r t h i t i c ,  c o n s is t in g  
o f  b o th  e x s o lu t io n  and re p la c e m e n t p e r t h i t e s  ( A i l i n g ,  1 9 3 8 ) . The 
r e l a t i v e  am ounts o f  th e  f e l d s p a r  c o n s t i t u e n t s  w ere d e te rm in e d  by
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x - r a y  d i f f r a c t i o n  in  t h e  m anner d e s c r ib e d  f o r  th e  w e a th e re d  m a te r ia l  
(A ppendix  I ,  p .  33 )»  The m odal a n a ly s i s  i s  a s  f o l lo w s :
P e r  C ent
F e ld s p a r  6 4 .2
O r th o c la s e  33»^
O lig o c la s e  3 0 «8
Q u artz  3 2 .?
B i o t i t e  2 ,5
Opaque (M a g n e ti te )  0 .4
H ornblende t r a c e
A p a t i te  t r a c e
Sphene t r a c e
The m in e ra lo g y  o f  t h e  s o i l  m a t e r i a l ,  d e te rm in e d  by x - r a y  d i f ­
f r a c t i o n ,  r e v e a l s  a l l  th e  dom inan t m in e ra ls  o f  th e  p a r e n t  ro c k  to  be
p r e s e n t  i n  each  sam ple p lu s  a  h o s t  o f  se c o n d a ry  m in e ra ls  form ed
d u r in g  th e  w e a th e r in g  p r o c e s s .  The r e s u l t s  o f  th e  a n a ly s e s  can  b e s t  
"be d is c u s s e d  by  c o n s id e r a t io n  o f  each  m in e ra l  g ro u p .
C lay  M in e r a ls . D i f f r a c t i o n  p a t t e r n s  o f  o r ie n te d  c la y  s i z e  
p a r t i c l e s  w ere exam ined and i d e n t i f i e d  b y  means o f  t h e  m ethods o u t­
l i n e d  b y  Grim  (1953) and B r in d le y  (1951)»  Q u a r tz , i d e n t i f i e d  by  a
s tro n g  p eak  a t  3*34 A and a  l e s s  i n t e n s e  peak a t  4 .2 6  A, was found  t o  
b e  p r e s e n t  in  a lm o st a l l  o f  t h e  sam ples in  t h i s  f r a c t i o n . I n  a d d i t io n  
t o  q u a r t z ,  a  q u i t e  com plex  s u i t e  o f  c la y  m in e ra ls  was i d e n t i f i e d .
T hese  in c lu d e  m e ta h a l lo y s i t e  ( B r in d le y ,  1951» P» 5^)*  m o n tm o r i l lo n i te ,  
m ixed l a y e r  c h l o r i t e - v e r m i c u l i t e  and  i l l i t e . *
M e ta h a l lo y s i te  was i d e n t i f i e d  from  a  b ro a d  r e f l e c t i o n  a t  
7 . 3 - 7 «5 A, w hich t r a i l s  o f f  a s y m m e tr ic a l ly  to w ard  th e  low  a n g le  s id e  
o f  t h e  r e f l e c t i o n .  A cco rd in g  t o  B r in d le y  (1951)» t h i s  b ro ad
*The m in e ra l  i d e n t i f i e d  b y  a  f i r s t  o r d e r  r e f l e c t i o n  a t  1 0 .1  A i s  
te rm e d  i l l i t e  h e re  f o r  c o n v e n ie n c e , b u t  weak 002 r e f l e c t i o n s  i n d i c a t e  
i t  v e ry  l i k e l y  r e p r e s e n t s  f i n e  p a r t i c l e  s i z e  b i o t i t e .
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r e f l e c t i o n  r e p r e s e n t s  a  k a o l in  ty p e  m in e ra l  w hich i s  in te rm e d ia te  i n  
h y d r a t io n  betw een  h y d ra te d  h a l l o y s i t e  (4  H2O) and  d e h y d ra te d  h a l lo y -  
s i t e  (0  H2O ). The b ro a d n e ss  o f  th e  peak  and th e  h ig h ly  asy m m etrica l 
n a tu r e  i n d i c a t e  th e  m in e ra l  t o  o c c u r  i n  v a r io u s  s ta g e s  o f  h y d ra tio n *
On t r e a tm e n t  w ith  e th y le n e  g ly c o l ,  a  s l i g h t  d e c re a s e  in  i n t e n s i t y  o f  
th e  peak i s  o b se rv e d  and th e  peak becom es somewhat b r o a d e r ,  i n d i c a t i n g  
o n ly  p a r t i a l  a b s o rb t io n  o f  th e  g ly c o l  betw een  th e  l a y e r s .  H eat t r e a t ­
m ent a t  4 0 0 °C . a p p e a rs  t o  have no e f f e c t  on th e  shape and i n t e n s i t y  
o f  t h i s  p e a k . On h e a t in g  t o  500° C. th e  peak  i s  c o m p le te ly  e l im in a te d  
due t o  d e c o m p o s itio n  o f  th e  s i l i c a t e  s h e e ts  (G rim , 1 9 5 3 )»
A r e f l e c t i o n  a t  a b o u t l 4 .4  A on th e  u n t r e a te d  d i f f r a c t i o n  p a t t e r n  
was o b se rv e d  t o  s h i f t  t o  t h e  1?  A re g io n  on t r e a tm e n t  w ith  e th y le n e  
g ly c o l .  T h is  e x p an s io n  c o rre sp o n d s  t o  t h a t  e x p e c te d  when two m olec­
u l a r  l a y e r s  o f  g ly c o l  a r e  s u b s t i t u t e d  f o r  two w a te r  l a y e r s  betw een th e  
s i l i c a t e  s h e e t s  o f  m o n tm o r i l lo n i te  (G rim , 1953» P* 2 5 8 ) .  T h is  
r e f l e c t i o n  i s  s h a rp  and  w e l l - d e f in e d  i n  th e  lo w e r  p a r t  o f  th e  p r o f i l e  
b u t  to w a rd s  th e  s u r f a c e ,  th e  peak  b ecaries  b ro a d  and i l l - d e f i n e d .
T h is  e f f e c t  msy b e  a t t r i b u t e d  t o  g r e a t e r  s c a t t e r i n g  due t o  f in e  
p a r t i c l e  s i z e  ( C u l l i t y ,  1 9 5 7 ) cau sed  by in c r e a s in g  w e a th e r in g , to  a  
d i f f e r e n c e  i n  ex c h a n g e a b le  c a t io n s  o r  t o  a  d i f f e r e n c e  in  th e  o r ig i n  o f  
th e  ex p a n d ab le  m a t e r i a l .  H eat t r e a tm e n t s ,  w hich  c o l l a p s e  t h i s  expand­
a b le  m a te r i a l  t o  10 A, c o n f irm  i t s  i d e n t i f i c a t i o n  a s  m o n tm o r i l lo n i te .
Mixed l a y e r  c h l o r i t e - v e r m i c u l i t e ,  w hich  i s  n o t d i s c e r n i b l e  w ith  
th e  u n t r e a t e d  o r  g ly c o la te d  sa m p le s , was co n c lu d ed  t o  be  p r e s e n t  o n ly  
a f t e r  h e a t in g  each  c la y  sam ple t o  600° C. f o r  a  p e r io d  o f  f o u r  h o u r s .  
T h is  te m p e ra tu re  was ch o sen  a s  b e in g  th e  optimum h e a t in g  te m p e ra tu re
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a f t e r  h e a t in g  a  s e r i e s  o f  sam ples s e v e r a l  t im e s  a t  1 0 0 °  i n t e r v a l s  up 
t o  700°  C« At 700°  C* th e  c h l o r i t e - v e r m i c u l i t e  peak  was a l s o  e l im i ­
n a te d  and o n ly  a  s t r o n g  r e f l e c t i o n  a t  10  A was o b ta in e d ,  r e p r e s e n t in g  
a  c o m b in a tio n  o f  n a t u r a l  10 A m a te r ia l  p lu s  c o l la p s e d  m o n tm o r il lo n ite  
and c h l o r i t e - v e r m i c u l i t e . The m ixed l a y e r  c h lo r i t e - v e r m i c u l i t e  peak  
w hich  w as o b se rv e d  a f t e r  h e a t in g  a t  600° C, i s  d i s c e r n i b l e  o n ly  from  
th e  asym m etry on t h e  lo w  a n g le  s id e  o f  th e  10  A i l l i t e  r e f l e c t i o n .
By m aking th e  i l l i t e  r e f l e c t i o n  sy m m e tric a l w ith  th e  h ig h  a n g le  s i d e ,  
t h i s  peak was r e s o lv e d  a s  o c c u r r in g  a t  a b o u t 1 1 -1 2  A* In  sam ple 
num ber o n e , t h e  m ixed l a y e r in g  i s  s t i l l  o b se rv e d , b u t  a  d i s t i n c t  peak 
a l s o  o c c u r s  a t  1 4 .4  A, s u g g e s t in g  t h a t  a  non-m ixed l a y e r  c h l o r i t e  may
b e  th e  end  p ro d u c t o f  a  b i o t i t e ------^ m ix ed  l a y e r  b i o t i t e - c h l o r i t e -
v e r m ic u l i t e ------ > c h l o r i t e  s e q u e n c e .
A 10 A r e f l e c t i o n  i s  c o n s id e re d  t o  b e  due t o  i l l i t e  in  t h i s  
d i s c u s s io n ,  b u t  a  weak 002 r e f l e c t i o n  o c c u r r in g  w ith  th e  peak s u g g e s ts  
t h a t  i t  p ro b a b ly  r e p r e s e n t s  f i n e  p a r t i c l e  s i z e  b i o t i t e .
A q u a n t i t a t i v e  e s t im a te  o f  th e  c la y  m in e ra ls  was a tte m p te d , b u t  
due t o  th e  la c k  o f  I n fo rm a t io n  on s c a t t e r i n g  f a c t o r s  f o r  c h l o r i t e -  
v e r m ic u l i t e  and  m e ta h a l lo y s i t e ,  and a l s o  t o  th e  f a c t  t h a t  o n ly  low  
o r d e r  r e f l e c t i o n s  c o u ld  b e  r e s o lv e d ,  th e s e  a t te m p ts  w ere  n o t s u c c e s s ­
f u l .  An a t te m p t was made t o  d e te rm in e  th e  amount o f  m e ta h a l lo y s i te  
by  d i s s o lv in g  i t  i n  sodium  h y d ro x id e .  A lthough  th e  f i r s t  o rd e r  o f  
r e f l e c t i o n  o f  m e ta h a l lo y s i te  was n o t  c o m p le te ly  e l im in a te d ,  th e  
i n t e n s i t y  was red u c ed  c o n s id e r a b ly ,  an d  w e ig h t l o s s e s  in d i c a t e  t h a t  
f i f t y  p e r  c e n t ,  o r  p o s s ib ly  m ore , o f  t h e  f r a c t i o n  l e s s  th a n  two 
m ic ro n s  i s  m e ta h a l lo y s i t e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0
Changes i n  c o n c e n t r a t io n s  o f  th e  c la y  m in e ra ls  w ere d e te rm in ed
t y  com parison  o f  th e  a r e a s  u n d e r  th e  p eak s  (A ppendix  1 ,  p .  3 3 ) « The
r e s u l t s  o f  th e s e  d e te rm in a tio n s  a r e  l i s t e d  in  T ab le  V ( A ppendix I I ,
p .  4 0 ) and  shown g r a p h ic a l ly  i n  f ig u r e s  4 - ? .  Theaé r e l a t io n s h i p s  can
b e  sum m arized a s  f o l lo w s :
1* " I l l i t e *' and c h l o r i t e - v e r m i c u l i t e  in c r e a s e  g ra d u a l ly
from  th e  p a r e n t  ro c k  to  th e  s u r f a c e .
2 . M o n tm o r il lo n ite  i s  p ro b a b ly  th e  f i r s t  c la y  m in e ra l  to
form  i n  ab u n d a n c e , b u t  d e c re a s e s  i n  c o n c e n tr a t io n  upward 
to  t h e  u p p e r  "C" h o r iz o n ,  th e n  i n c r e a s e s  a g a in  t o  th e  
s u r f a c e .
3» M e ta h a l lo y s i te  fo rm s a lo n g  w ith  o r  soon a f t e r  mont­
m o r i l l o n i t e  and form s a t  a  f a s t e r  r a t e  to w ard  th e  u p p er 
"C" h o r iz o n  from  w hence i t  d e c re a s e s  in  r e l a t i v e  r a t e  o f  
fo rm a tio n  to w ard  t h e  s u r f a c e .
The s ig n i f i c a n c e  o f  th e  above chan g es  w ith  r e s p e c t  t o  o th e r  f a c t o r s
i n  s o i l  fo rm a tio n  a r e  in c lu d e d  i n  a  l a t e r  d i s c u s s io n .
Q u a r tz . Q u a n t i t a t iv e  e s t im a te s  o f  th e  q u a r tz  c o n te n t  o f  
t h e  b u lk  sam ple  w e a th e re d  m a te r ia l  w ere  made by  d i r e c t  i n t e n s i t y  
m easu rem en ts  o f  x - r a y  d i f f r a c t i o n  p a t t e r n s .  (A ppendix  I ,  p .  33)*
T he q u a r tz  c o n te n t  i s  h ig h e s t  i n  th e  lo w e r  "A" h o r iz o n  w here i t  con­
s t i t u t e s  f o r t y  p e r  c e n t  o f  th e  b u lk  sam ple and d e c re a s e s  s h a rp ly  t o  
a  minimum i n  t h e  "B" h o r iz o n .  W ith in  th e  "C" h o r iz o n  th e  p e r  c e n t  o f  
q u a r tz  v a r i e s  v e ry  l i t t l e  from  t h a t  o f  th e  f r e s h  ro c k  e x c e p t f o r  th e  
v e ry  lo w e s t  sam ples (sam p les  1 9  & 21) w hich  v a ry  a s  much a s  te n  per c e n t .  
F ig u re  8 i s  a  p l o t  o f  p e r  c e n t  q u a r tz  a g a in s t  d e p th  w i th in  th e  s o i l  
p r o f i l e .  The h ig h  c o n c e n t r a t io n  o f  q u a r t z  i n  th e  lo w e r  "A" h o r iz o n  
i s  a t t r i b u t e d  t o  é l u v i a t i o n  o f  th e  f i n e  c la y  s i z e  m a t e r i a l ,  l e a v in g  
th e  more r e s i s t a n t  q u a r t z  g r a in s  b e h in d .  The low  c o n te n t  o f  q u a r tz
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S a m p le  n u m b e r
F i g u r e  5 .  C h a n g e s  i n  c o n c e n t r a t i o n  o f  m o n t m o r i l l o n i t e ,  
r e l a t i v e  t o  t o t a l  c l a y  f r a c t i o n ,  w i t h  d e p t h
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S a m p le  n u m b e r
F i g u r e  6 , C h a n g e s  i n  c o n c e n t r a t i o n  o f  m e t a h a l l o y s i t e ,  
r e l a t i v e  t o  t o t a l  c l a y  f r a c t i o n ,  w i t h  d e p t h .
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S a m p le  n u m b e r
F ig u r e  7 .  C h a n g e s  i n  c o n c e n t r a t i o n  o f  c h l o r i t e - v e r m i c u l i t e  
r e l a t i v e  t o  t o t a l  c l a y  f r a c t i o n ,  w i t h  d e p t h .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 3
w ith in  t h e  "B" h o r iz o n  i s  c o n s id e re d  t o  be  a  d i r e c t  r e s u l t  o f  th e  
c o n c e n t r a t io n  o f  c la y  s i z e  p a r t i c l e s  ( i l l u v i a t i o n ) • The p e r  c e n t  
o f  q u a r tz  i n  th e  f r e s h  ro c k  d e te rm in e d  b y  x - r a y  i n t e n s i t y  m easurem ents 
a g r e e s  w i th in  one p e r  c e n t  o f  t h a t  d e te rm in e d  by m odal a n a ly s e s  o f  
th e  t h i n  s e c t i o n s .
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Sample Number
F ig u re  8 .  Changes i n  c o n c e n t r a t io n  o f  q u a r tz  w ith  d e p th
F e ld s p a r s , B o th  x - r a y  and o p t i c a l  te c h n iq u e s  r e v e a l  th e  
f e l d s p a r s  p r e s e n t  t o  c o n s i s t  o f  two co m ponen ts , a  p o ta ss iu m  f e l d s p a r  
(p ro b a b ly  o r th o c la s e )  and  a  h ig h  sodium  f e ld s p a r ,  a p p ro x im a te ly  
o l i g o c l a s e  i n  c o m p o s i t io n .  The n a tu r e  o f  th e  f e ld s p a r s  was d i s ­
c u s se d  in  c o n s id e r a t io n  o f  th e  p a r e n t  ro c k  and o n ly  th e  q u a n t i t a t i v e  
a s p e c t s  w i l l  be  c o n s id e re d  h e r e .  A l i s t i n g  o f  th e  p e rc e n ta g e  o f  a l l  
m in e ra ls  p r e s e n t  i s  p r e s e n te d  in  T a b le  IV o f  A ppendix  I I .
L i t t l e  change i s  n o te d  i n  th e  r e l a t i v e  abundance o f  th e  f e l d s p a r  
c o n s t i t u e n t s  th ro u g h o u t th e  "C" h o r iz o n .  However, t h e r e  i s  a  s t r i k i n g  
p red o m in an ce  o f  th e  sodium  com ponent o v e r  th e  p o ta ss iu m  component
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w ith in  th e  "B" h o r iz o n .  The sh a rp  b re a k  o ccu rs  in  sam ple number s i x ,  
r e p r e s e n t in g  a  d e p th  o f  t h r e e  f e e t .  T h is  sam ple a l s o  c o n ta in s  th e  
h ig h e s t  p e rc e n ta g e  o f  c l a y  m in e ra ls  in d i c a t in g  th e  c o n c e n tr a t io n  o f  
c l a y  s i z e  p a r t i c l e s  h e re  may be in  p a r t  due t o  an in c r e a s e d  r a t e  o f  
c h e m ic a l w e a th e r in g  i n  t h i s  zone and n o t  e n t i r e l y  due t o  t r a n s lo c a t io n  
o f  f i n e  p a r t i c l e  s i z e  m a te r ia l*  Above t h i s  s h a rp  b re a k  th e  p e rc e n ta g e  
o f  th e  two f e l d s p a r  com ponents g r a d u a l ly  becom es n e a r ly  e q u a l a g a in .
In  sam ple num ber o n e , t h e  p o ta ss iu m  com ponent c o n s t i t u t e s  54 p e r  c e n t 
o f  th e  t o t a l  f e l d s p a r  w h ich  i s  v e ry  n e a r  t h a t  o f  th e  p a r e n t  m a t e r i a l . 
T h is  r e l a t i o n  i s  r e p r e s e n te d  g r a p h ic a l ly  i n  f ig u r e  9*
R e la t iv e  t o  b u lk  sa m p le , t h e  f e l d s p a r s  c o n s t i t u t e  o v e r h a l f  th e  
t o t a l  m a t e r i a l  th ro u g h o u t th e  p r o f i l e ,  e x c e p t f o r  sam ples two and  
t h r e e  w hich  c o n ta in  th e  h ig h  c o n c e n t r a t io n s  o f  r e s i d u a l  q u a r t z .  T h is  
w ould i n d i c a t e  a  r e l a t i v e l y  lo w  d e g re e  o f  w e a th e r in g  f o r  th e  p r o f i l e  
a s  a  w h o le . Q u a n t i t a t iv e  d e te rm in a tio n s  o f  th e  f e ld s p a r s  in  th e  d i f ­
f e r e n t  s i z e  f r a c t i o n s  w ere n o t  m ade. V is u a l  e s t im a te s  o f  th e  m in e ra l  
c o n te n t  o f  th e  san d  s i z e  m a te r i a l  h o w ev er, i n d i c a t e  a b o u t h a l f  f e l d ­
s p a r  and  h a l f  q u a r tz  even  i n  t h e  "A” h o r iz o n .
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F ig u re  9» R e la t iv e  p e r  c e n t  o r th o c la s e  o f  t o t a l  f e l d s p a r  a s  i t  
changes w ith  d e p th .
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H ydrogen io n  c o n c e n t r a t io n . The hydrogen  io n  c o n c e n tr a t io n  o f  
each  sam ple was m easured  on a  Beckman pH m e te r  w ith  g la s s  e l e c t r o d e s ,  
u t i l i z i n g  a  th re e -g ra m  s o i l  sam ple d is p e r s e d  in  t h r e e  m i l l i l i t e r s  o f  
d i s t i l l e d  w a te r .  The sam ple was a llo w e d  t o  s ta n d  f o r  s e v e r a l  h o u rs  
b e f o r e  t a k in g  r e a d i n g s . The m e te r  was checked  a t  r e g u la r  i n t e r v a l s  
a g a in s t  a  b u f f e r  s o lu t io n  o f  pH 7»
A ll  o f  th e  sam ples e x c e p t num bers o n e , t h r e e  and  f o u r  a r e  
s l i ^ t l y  b a s i c ,  w i th  pH v a lu e s  betw een  sev en  and  e i g h t .  Sam ples o n e , 
t h r e e  and  fo u r  a r e  w i th in  th e  pH ran g e  o f  6 .4—6 .8  and  c o n s t i t u t e  th e  
g r e a t e s t  v a r i a t i o n  from  th e  g e n e ra l  b a s i c  n a tu re  o f  th e  lo w er p r o f i l e   ̂
T here  i s  a  g e n e ra l  upw ard d e c re a s e  in  pH i n  th e  lo w e r p a r t  o f  th e  
p r o f i l e .  Above sam ple t h i r t e e n ,  th e  pH becomes q u i t e  e r r a t i c .  The 
pH v a lu e s  o f  t h e  e n t i r e  p r o f i l e  a r e  l i s t e d  in  T ab le  V (A ppendix  I I ,  
p . 40 ) and a r e  i l l u s t r a t e d  i n  f ig u r e  1 0 .
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F ig u re  1 0 .  Changes i n  pH w ith  d e p th .
E le m e n ta l A n a ly s e s . Q u a n t i t a t iv e  e le m e n ta l  a n a ly s e s  w ere made 
on t h e  b u lk  s o i l  m a te r ia l  f o r  sod ium , p o ta s s iu m , i r o n ,  s tro n tiu m  and 
ru b id iu m  (A ppendix  I ,  p .  33& A ppendix I I ,  T a b le  I ) .  The r e s u l t s  show
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n e t  l o s s e s  d u r in g  w e a th e r in g  o f  sod ium , p o ta ss iu m  and rub id ium  an d  n e t  
g a in s  o f  s tr o n t iu m  and i r o n .
Sodium and p o ta s s iu m  fo llo w  th e  same g e n e ra l  d e c l i n e  d u r in g  th e  
w e a th e r in g  p ro c e s s  ( F ig .  1 1 )  w ith  a  zone o f  h ig h  c o n c e n t r a t io n  in  
sam ple t h r e e ,  n e a r  th e  b o tto m  o f  t h e  "A” h o r iz o n .  T h is  zone o f  h ig h e r  
c o n c e n t r a t io n  l i e s  n e a r  t h e  to p  o f  th e  zone o f  a cc u m u la tio n  o f  f i n e  
p a r t i c l e  s i z e  m a te r ia l  an d  i s  p ro b a b ly  a  r e s u l t  o f  a d s o rb t io n  o f  th e  
c a t io n s  b y  th e  c la y  p a r t i c l e s  a n d /o r  p r e c i p i t a t i o n  o f  d is s o lv e d  s a l t s  
from  g round  w a te r .  The r e s u l t s  o f  t h e  " a v a i la b le "  (e x c h a n g ea b le )  
p o ta ss iu m  d e te rm in a tio n s  i n d i c a t e  th e  p o ta ss iu m  m ust be  f ix e d ,  e i t h e r  
on th e  c l a y  m in e ra ls  o r  a s  s a l t s  i n s o lu b le  i n  t h e  n e u t r a l  le a c h in g  
s o l u t i o n s .  A d e v ia t io n  from  th e  t r e n d  f o r  sodium o c c u rs  i n  sam ple 17 
and t o  a  l e s s e r  e x te n t  i n  sam ple 1 5 , b o th  o f  w hich  show r e l a t i v e l y  
lo w  sodium  c o n te n t .
Rubidium  i s  p r e s e n t  i n  t h e  p a r e n t  ro c k  i n  c o n c e n tr a t io n s  o f  190 
ppm and re m a in s  c o n s ta n t  t o  t h e  lo w e r  "B" h o r iz o n  w here  an a b r u p t  
l o s s  i s  o b se rv e d  i n  sam ple  n in e  ( F ig .  1 2 ) .  Above t h i s ,  ru b id iu m  con­
t i n u e s  t o  b e  l o s t  an d  i s  p r e s e n t  i n  sam ple  one a t  a  c o n c e n tr a t io n  o f  
140 ppm. The Rb/K r a t i o s  show a  s l i g h t  i n c r e a s e  i n  t h e  f i r s t  s ta g e s  
o f  w e a th e r in g  (T ab le  I ,  p .4 0  ) ,  b u t  v a ry  v e ry  l i t t l e  th ro u g h o u t t h e  
p r o f i l e ,  i n d i c a t i v e  o f  t h e  c lo s e  c h e m ic a l s i m i l a r i t y  o f  p o ta ss iu m  and 
ru b id iu m . The s l i g h t  in c r e a s e  i n  th e  Rb/K r a t i o s  i n  th e  lo w er p r o f i l e  
w ould b e  e x p e c te d , due t o  t h e  g r e a t e r  a d s o rb t io n  power o f  th e  c la y  
m in e ra ls  f o r  rp b id iu m  th a n  p o ta ss iu m  (G o ld sch m id t, 1 9 5 ^ . P» 1 6 ? ) .
S tro n tiu m  has a  c o n c e n t r a t io n  o f  ?0 ppm in  th e  p a r e n t  ro c k  and  
shows a  g e n e ra l  in c r e a s e  i n  c o n c e n t r a t io n  to w ard  th e  s u r f a c e . The
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F i g u r e  1 2 ,  P a r t s  p e r  m i l l i o n  o f  s t r o n t i u m  a n d  r u b i d i u m  
w i t h  d e p t h .
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h ig h e s t  c o n c e n t r a t io n  o f  s tro n tiu m  o c c u rs  in  th e  "B" h o r iz o n  
( F ig .  1 2 ) .
T o ta l  i r o n  i n  t h e  b u lk  sam p les , c a l c u la te d  a s  F e20^ , i s  n e a r ly  
c o n s ta n t  th ro u g h o u t th e  "C" h o r iz o n  a t  a b o u t 2 .0  p e r  c e n t .  W ith in  th e  
u p p e r  "C" h o r iz o n  th e  c o n c e n t r a t io n  in c r e a s e s  and re a c h e s  a  maximum 
o f  ^ .5  p e r  c e n t  i n  sam ple  th r e e  n e a r  th e  to p  o f  th e  "B" h o r iz o n  
( F ig .  1 3 ) .  Sam ples one and th r e e  have v a lu e s  o f  2 .1  and  2 .9  p e r  c e n t  
Fs20^ r e s p e c t i v e l y .  Bear, e t  a l  (1955) s t a t e  t h a t  c o l l o i d a l  i r o n  
o x id e s  i n  s o i l s  r e a d i l y  e n t e r  s o lu t io n  i n  th e  p re se n c e  o f  o rg a n ic  
c h e l a t e s  and  a r e  r e d e p o s i te d  in  a  lo w e r  h o r iz o n  upon c o n ta c t  w ith  
m ic ro o rg an ism s  o r  e l e c t r o l y t e s .  A pH betw een  6 and 7 ,  w ith in  th e  zone 
o f  s o lv a t i o n ,  i s  s a id  t o  f a v o r  t h i s  r e a c t i o n .
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F ig u re  13* W eight p e r  c e n t  Fe2Cy a s  a  f u n c t io n  o f  d e p th .
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E x ch an g eab le  c a t i o n s . The c a t io n  exchange c a p a c i ty  (CEC) was 
d e te rm in e d  f o r  sam ples o n e , t h r e e ,  s e v e n , n in e  and e le v e n .  A v a ila b le  
c a t i o n s  w ere d e te rm in e d  f o r  a l l  odd num bered sam ples and in c lu d e d  
c a lc iu m , m agnesium  and  p o ta s s iu m . The d a ta  from  th e  a n a ly s e s  a r e  p r e ­
s e n te d  i n  T ab le  I I  (A ppend ix  I I ,  p .  4 o )  and i n  f ig u r e  1 4 .
The CEC i s  o b se rv e d  t o  in c r e a s e  s t e a d i l y  downward th ro u g h  th e  
"A" and  ”B" h o r iz o n s  and  t o  d e c re a s e  a b r u p t ly  in  sam ple e le v e n , n e a r  
th e  to p  o f  th e  ”C'* h o r iz o n .  T h is  a p p e a rs  t o  b e  o n ly  i n  p a r t  r e l a t e d
t o  th e  p e r  c e n t  o f  c la y  s i z e  p a r t i c l e s  p r e s e n t .
Magnesium and c a lc iu m  f o l lo w  n e a r  p a r a l l e l  t r e n d s  w i th in  th e  
p r o f i l e .  B oth  have h ig h e s t  a v a i l a b l e  am ounts w i th in  th e  "B" h o r iz o n .  
I n  m ost s a m p le s ,  a v a i l a b l e  c a lc iu m  i s  g r e a t e r  th a n  i s  m agnesium . T h is  
i s  p ro b a b ly  b ec a u se  m ore c a lc iu m  i s  a v a i l a b l e  from  th e  w e a th e r in g  o f  
th e  f e ld s p a r s  th a n  i s  m agnesium . A ls o , c a lc iu m , b ec au se  o f  i t s  l a r g e r  
s i z e ,  i s  a d so rb e d  m ore r e a d i l y  th a n  i s  magnesium (B e a r , 1955» P* 8 0 ) .  
The v a lu e s  may be s l i g h t l y  low  f o r  c a lc iu m  and  m agnesium  b ecau se  o f  
t h e  r e l a t i v e l y  low  r e p la c in g  power o f  sodium  f o r  t h e  d iv a le n t  c a t io n s  
( K e l ly ,  1 9 4 8 , p .  8 0 ) .
A v a i la b le  p o ta s s iu m  i s  r e l a t i v e l y  lo w  th ro u g h o u t th e  p r o f i l e ,  
t h e  h ig h e s t  a v a i l a b le  am ount b e in g  1 .1  meq/lOO gram s i n  sam ple o n e .
A l l  o f  th e  re m a in in g  sam ples have v a lu e s  l e s s  th a n  1  meq and m ost a r e
l e s s  th a n  O .5  meq/lOO gram s o f  s o i l  m a t e r i a l .
The exchange c a p a c i t i e s  o b se rv ed  a r e  c h a r a c t e r i s t i c  o f  low  
exchange m a te r ia l s  an d  f u r t h e r  s u g g e s t  a  k a o l in  ty p e  m in e ra l  a s  b e in g  
th e  dom inant c la y  m in e ra l  p r e s e n t .
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F ig u re  l 4 .  E x ch an g eab le  c a t io n s  i n  meq/lOO grams w ith  d e p th .
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D ISC U SSIO N  OF THE DATA
Grim (1953) sum m arizes th e  f a c t o r s  c o n s id e re d  b y  m ost 
i n v e s t i g a t o r s  t o  c o n t r o l  th e  w e a th e r in g  p r o c e s s e s .  T hese a r e :  
p a r e n t  r o c k ,  c l im a te ,  to p o g ra p h y , v e g e ta t io n  and  t im e , in  no s p e c i a l  
o r d e r  o f  im p o r ta n c e . As t h e  c u r r e n t  s tu d y  i s  one o f  a  s in g le  s o i l  
p r o f i l e  and  t h e  above f a c t o r s  a r e  c o n s id e re d  t o  have rem ained  {re­
l a t i v e l y  c o n s ta n t  th ro u g h o u t th e  s o i l  d ev e lo p m en t, o n ly  a  b r i e f  
c o n s id e r a t io n  w i l l  be  g iv e n  a s  to  th e  c o n d i t io n s  t h a t  do e x i s t .
P a r e n t  ro ck  a n d  t im e  m ig h t w e ll  b e  c o n s id e re d  j o i n t l y .  G iven 
s u f f i c i e n t  t im e  th e  m in e ra lo g y  o f  t h e  s o i l s  i s  l e s s  and l e s s  d ep en d en t 
on th e  n a tu r e  o f  th e  p a r e n t  ro c k  (G rim , 1 9 5 3 t P» 3 3 2 ) .  In  th e  s o i l  
s tu d ie d ,  t h e  abundance o f  u n a l t e r e d  p r im a ry  m in e ra ls  th ro u g h o u t th e  
p r o f i l e  t e s t i f i e s  t o  a  p o o r ly  d ev e lo p ed  s o i l ,  n o t  y e t  in  e q u i l ib r iu m  
w ith  s u r f a c e  c o n d i t i o n s .  The tim e  f a c t o r  would a p p e a r ,  u n d e r  t h e s e  
c o n d i t i o n s , t o  have a  l e s s  m arked e f f e c t  on th e  n a tu r e  o f  th e  s o i l  
th a n  w ould  t h e  p a r e n t  ro ck *  Of th e  dom inan t m in e ra ls  i n  th e  p a re n t  
r o c k ,  o n ly  th e  f e l d s p a r s  and  b i o t i t e  w ould p ro b a b ly  c o n t r i b u t e 's i g n i f ­
i c a n t l y  t o  t h e  sec o n d a ry  p ro d u c ts  fo rm e d .
The m o st im p o r ta n t c l im a t i c  f a c t o r  i s  p ro b a b ly  th e  s e a s o n a l  
d i s t r i b u t i o n  o f  p r e c i p i t a t i o n .  R eco rd s  o f  t h e  L olo  R anger S ta t,io n  
show p r e c i p i t a t i o n  o f  l e s s  th a n  one in c h  p e r  month d u r in g  t h e  summer 
m onths (M ay-S ep tem ber). E s tim a te d  a n n u a l p r e c i p i t a t i o n  i s  ab o d t 
tw e n ty - f iv e  in c h e s ,  o c c u r r in g  l a r g e l y  d u r in g  th e  w in te r  m onths a s  snow 
( P e r s .  comm., Mr. Roy H. K o rk a lo , U .S . F o r e s t  S e r v ic e ,  M isso u la , 
M o n tan a ). A lth o u g h  th e  to p o g ra p h y  and t e x t u r e  a r e  su ch  as  t o  e f f e c t
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good d r a in a g e ,  t h e  lo w  te m p e ra tu re s  and d u r a t io n  o f  snow c o v e r  w ould 
p ro b a b ly  keep  t h e  s o i l  s a tu r a t e d  d u r in g  much o f  th e  y e a r .  The e f f e c t  
w hich th e  s e a s o n a l  v a r i a t i o n  h as  on f a c t o r s  such a s  pH, c a t io n  ex ­
c h a n g e , an d  h y d ra t io n  w ould p ro b a b ly  b e  q u i t e  g r e a t .
The am ount o f  o rg a n ic  m a t te r  was n o t  d e te rm in ed  f o r  th e  s o i l  
s a m p le s . V ery l i t t l e  o rg a n ic  m a t te r  was accu m u la ted  on th e  s u r f a c e .  
Dark c o l o r a t i o n ,  i n d i c a t i v e  o f  o rg a n ic  s t a i n i n g  was o b se rv ed  in  
sam ples one and  tw o , b u t  t h e  o rg a n ic  m a t t e r  a p p e a rs  t o  have had no  
e f f e c t  on t h e  c la y  m i n e r a l s .  O rg an ic  a c id s  may have c o n s id e ra b le  
e f f e c t  on th e  le a c h in g  o f  i r o n  w hich  i s  d e p o s i te d  i n  t h e  "B" h o r iz o n  
a s  i r o n  o x id e s  ( J a c k s o n , e t . a l . ,  1 9 4 8 ) .
The predom inance o f  m e ta h a l lo y s i t e  and  m o n tm o r i l lo n ite  i s  sug ­
g e s te d  by  th e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  x - r a y  d i f f r a c t i o n  p a t t e r n s  
( F ig .  1 8 ) and a l s o  b y  t h e  a t te m p ts  t o  e l im in a te  m e ta h a l lo y s i te  t y  
d i s s o lv in g  i n  sodium  h y d ro x id e . A lth o u g h  no c o r r e l a t i o n  co u ld  be 
e s t a b l i s h e d  be tw een  th e  abundance o f  e i t h e r  o f  th e s e  m in e ra ls  and th e  
p e r  c e n t  o f  e i t h e r  f e l d s p a r  com ponent, th e  v e ry  abundance o f  m e ta h a l­
l o y s i t e  s u g g e s ts  i t  i s  th e  r e s u l t  o f  f e l d s p a r  d e c o m p o s it io n . I f  th e  
c la y  m in e ra ls  a r e  fo rm ed from  io n i c  o r  c o l l o i d a l  s o lu t io n s  a f t e r  
breakdow n o f  th e  p r im a iy  m in e ra l  s t r u c t u r e s ,  (G rim , 1953» P» 345* 
B a rsh a d , 1955» p .  31) th e n  t h e  d i f f e r e n c e  i n  s e c o n d a ry  m in e ra ls  
form ed from  th e  two f e l d s p a r  com ponen ts, u n d e r  c o n d i t io n s  o f  a c t i v e  
l e a c h in g ,  w ould p ro b a b ly  be s l i g h t .  B ay ley  (1920) h as  o b se rv ed  t h a t  
i n  ro c k s  c o n ta in in g  o r th o c la s e  w hich a l t e r  t o  k a o l i n i t e ,  a l b i t e ,  i f  
p r e s e n t ,  w i l l  fo rm  p ro d u c ts  an a lo g o u s  t o  th e  o r th o c l a s e .  Sand (195^) 
r e p o r t s  a l t e r a t i o n  o f  a l l  ty p e s  o f  f e ld s p a r s  t o  h a l l o y s i t e .
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co n tem p o ran eo u sly  w ith  a l t e r a t i o n  o f  t h e  m icas  to  k a o l i n i t e .  No 
g r a d a t io n  i s  b e l ie v e d  t o  e x i s t  betw een  th e  k a o l i n i t e  and  th e  h a l lo y ­
s i t e  .
I n  th e  no rm al o r d e r  o f  s t a b i l i t y  (G old ich»  1 9 3 8 ) , th e  p la g io c la s e  
f e l d s p a r s  w ould be  e x p e c te d  t o  a l t e r  b e f o r e  o r th o c l a s e . T hin  s e c t io n s  
o f  th e  p a r e n t  ro c k  i n d i c a t e  t h e  o r th o c la s e  component t o  b e  m ore h ig h ly  
a l t e r e d  i n  th e  e a r l y  s ta g e s  o f  w e a th e r in g .  X -ray  a n a ly s e s  i n d i c a t e  
v e ry  l i t t l e  d i f f e r e n c e  in  th e  s t a b i l i t y  o f  th e  f e l d s p a r s ,  how ever, 
e x c e p t w i th in  th e  "B" h o r iz o n  w here th e  p e r  c e n t  o f  p la g io c la s e  shows 
a  m arked d e c r e a s e  r e l a t i v e  t o  o r th o c la s e *  No e f f e c t  o f  th e  s e l e c t i v e  
d e c o m p o s itio n  o f  t h e  f e l d s p a r s  was n o te d  i n  th e  c la y  m in e r a ls .
A f te r  t r e a t i n g  th e  c l a y  f r a c t i o n  w ith  1  N KQH f o r  a  p e r io d  o f  
tw e n ty - fo u r  h o u r s ,  t h e  sam p les  show a r e d u c t io n  i n  th e  i n t e n s i t y  o f  
th e  14 A r e f l e c t i o n .  T h is  r e d u c t io n  in  i n t e n s i t y  i s  accom panied by  
an  i n c r e a s e  i n  th e  i n t e n s i t y  o f  t h e  10 A r e f l e c t i o n ,  o r  b y  re p la c e m e n t 
o f  t h e  14  A r e f l e c t i o n  w ith  one a t  a b o u t 1 2 ,4  A, i n d i c a t i n g  a  c o l la p s e  
o f  t h e  l a y e r s  t o  t h e s e  s p a c in g s  ( F ig s .  15  and 1 6 ) ,  The l a y e r s  w hich 
c o l l a p s e  t o  10 A do n o t  re sp o n d  t o  t r e a tm e n t  w ith  e th y le n e  g l y c o l .  
W eaver (1958) has  shown t h a t  th e  change i n  s p a c in g  t o  10 A i s  i n d i c a ­
t i v e  o f  m o n tm o r i l lo n i te s  f o m e d  by a l t e r a t i o n  o f  th e  m icas i n  c o n t r a s t  
t o  m o n tm o r i l lo n i te s  form ed from  n o n -m icaceo u s m a t e r i a l s  w hich c o l l a p s e  
t o  o n ly  1 2 .4  A . A ccord ing  t o  W eaver, th e  c o l la p s e  i s  cau sed  by  th e  
f i x a t i o n  o f  th e  p o ta ss iu m  d u e  t o  th e  h ig h  i n t e r l a y e r  ch a rg e  i n h e r i t e d  
from  th e  o r i g i n a l  m ica s t r u c t u r e .  M o n tm o r il lo n ite s  form ed from  n o n - 
m icaceo u s s o u rc e s  do n o t  h av e  t h i s  h ig h  i n t e r l a y e r  c h a rg e  and hence  
do n o t  r e sp o n d  r e a d i l y  t o  p o ta ss iu m  t r e a tm e n t .
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F i g u r e  1 5 ,  R e s u l t s  o f  t r e a t m e n t  w i t h  KOH. (A ) N a t u r a l  
s t a t e .  (B )  N a t u r a l  s t a t e  w i t h  e t h y l e n e  g l y c o l .  (C ) A f t e r  
KOH t r e a t m e n t .  (D ) A f t e r  KOH w i t h  e t h y l e n e  g l y c o l .
S a m p le  i s  n u m b e r  t w e n t y ,  l o w e r  p a r t  o f  p r o f i l e .
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1 0  Al1 7  A
F i g u r e  1 6 .  R e s u l t s  o f  t r e a t m e n t  w i t h  KOH.
(A ) N a t u r a l  s t a t e .  (B )  N a t u r a l  s t a t e  w i t h  e t h y l e n e  g l y ­
c o l .  ( 0 )  A f t e r  KOH t r e a t m e n t .  ( 0 )  A f t e r  KOH w i t h  e t h y l ­
e n e
C t e n t  
 g l y c o l .  S a m p le  i s  n u m b e r  t h r e e ,  u p p e r  p a r t  o f  p r o f i l e .b8 e i
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T h is  d i f f e r e n c e  in  re sp o n se  to  p o ta s s iu m  tr e a tm e n t  s i g n i f i e s  
a  d u a l  o r ig in  f o r  t h e  ex p an d ab le  l a y e r  m a te r ia l  and  e x p la in s  t h e  
change i n  r a t e  o f  fo rm a tio n  o f  m o n tm o r i l lo n ite  ( F ig .  5 ) .  I n  th e  lo w e r  
p a r t  o f  t h e  p r o f i l e ,  m o n tm o r i l lo n i te  i s  fo rm ed , in  l a r g e  p a r t ,  b y  d e ­
c o m p o s itio n  o f  th e  f e l d s p a r s .  T h is  i s  shown by  t h e  c o n t r a c t io n  to  
o n ly  1 2 .4  A when s u b je c te d  t o  t h e  t r e a tm e n t  w ith  p o ta ss iu m  h y d ro x id e . 
I n  th e  u p p e r  p r o f i l e ,  t h e  b i o t i t e  h as  b e en  le a c h e d  o f  i t s  i n t e f l a y e r  
p o ta ss iu m  and a l s o  fo rm s an ex p an d ab le  l 4  A m a te r ia l  v h ic h  c o n t r a c t s  
t o  10 A when p o ta ss iu m  t r e a t e d .
ÎB-xed l a y e r  c h l o r i t e - v e r m i c u l i t e  and  " i l l i t e  " f o l lo w  g e n e r a l ly  
p a r a l l e l  t r e n d s  th ro u g h o u t  t h e  s o i l  p r o f i l e .  Each shows a  s l i g h t  i n ­
c r e a s e  i n  c o n c e n t r a t io n  fro m  p a re n t  m a t e r i a l  t o  t h e  "A" s o i l  h o r iz o n .  
The in c r e a s e  in  “i l l i t e ” (10 A m a t e r i a l )  may be  a t t r i b u t e d  d i r e c t l y  
t o  a  d e c re a s e  in  p a r t i c l e  s i z e  o f  b i o t i t e .  As t h e  p a r t i c l e  s i z e  d e ­
c r e a s e s ,  t h e  a l t e r a t i o n  r a t e  sh o u ld  i n c r e a s e ,  due t o  in c r e a s e d  s u r f a c e  
a r e a ,  a c c o u n tin g  f o r  t h e  p a r a l l e l  in c r e a s e  o f  th e  two m in e r a ls .
From th e  a v a i l a b l e  d a t a ,  i t  i s  n o t  p o s s ib le  t o  s t a t e  w ith  any 
c e r t a i n t y  t h e  f a c t o r s  w hich  d e te rm in e  w h e th e r  m ixed l a y e r  c h l o r i t e -  
v e r m ic u l i t e  o r  m o n tm o r i l lo n i te  fo rm s from  th e  d e co m p o s itio n  o f  th e  
b i o t i t e .  The r e l a t i o n s  i l l u s t r a t e d  i n  f i g u r e  17  su g g e s t  t h a t  th e  pH 
o f  t h e  system  i s  one o f  th e  m ajo r c o n t r o l l i n g  f a c t o r s .  The d i f f e r e n t  
o r i g i n s  o f  t h e  m o n tm o r i l lo n i te ,  h o w ev er, would te n d  t o  o b scu re  ( o r  
en h an ce) t h i s  r e l a t i o n .
T h e re  i s  no o b v io u s  r e l a t i o n  be tw een  th e  ty p e  o f  a v a i l a b le  
c a t io n s  and  th e  c l a y  m in e ra l  f o rm a t io n .  A ccord ing  t o  Grim (1953» 
p .  3 4 2 ) an  a c id  ig n eo u s  ro c k ,  le a c h e d  o f  i t s  a l k a l i s  and  a lk a l in e
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e a r th s  w i l l  a l t e r  t o  t h e  k a o l in  m in e r a l s .  Sand (1956) c o n s id e rs  
e f f e c t i v e  le a c h in g  e s s e n t i a l  t o  th e  fo rm a tio n  o f  h a l l o y s i t e .  The 
p re se n c e  o f  p o ta ss iu m  fa v o rs  th e  fo rm a tio n  o f  i l l i t e  and  magnesium 
a n d /o r  c a lc iu m  f a v o r s  t h e  fo rm a tio n  o f  m o n tm o r i l lo n ite  (G rim , 1 9 5 3 t 
p .  3 4 2 ) .
The e f f e c t i v e  l e a c h in g  o f  p o ta ss iu m  from  th e  s o i l  p r o f i l e  i s  
e v id e n t  fro m  i t s  low  a v a i l a b l e  c o n c e n t r a t i o n s ,  Ifegnesium  and  ca lc iu m  
a r e  p r e s e n t  in  g r e a t e r  am ounts th a n  i s  th e  a v a i l a b le  p o ta ss iu m  
th ro u g h o u t t h e  p r o f i l e .  The amount o f  a v a i l a b l e  c a lc iu m  and m agnesium  
does n o t  a p p e a r ,  how ever, t o  b e  r e l a t e d  t o  t h e  c o n c e n t r a t io n  o f  m ont­
m o r i l l o n i t e ,  T h is  l a c k  o f  c o r r e l a t i o n  may b e  due t o  sod ium , w hich  
was n o t  d e te rm in e d , f i l l i n g  many o f  t h e  exchange p o s i t i o n s .  A lso  th e  
c o n t r ib u t io n  o f  o th e r  c la y  and  s i l t  s i z e  p a r t i c l e s  t o  t h e  t o t a l  c a t io n  
exchange o f  th e  b u lk  sam ple w ould te n d  t o  mask any  c o r r e l a t i o n  w hich  
m ig h t e x i s t .
As t h e  two d i s s i m i l a r  m in e r a ls ,  m o n tm o r i l lo n i te  and m e ta h a l­
l o y s i t e ,  e x i s t  t o g e th e r  th ro u g h o u t  th e  p r o f i l e  and a s  t h e  r e l a t i v e  
amount o f  m o n tm o r i l lo n i te  s t e a d i l y  d e c l in e s  upw ard , i t  a p p e a rs  t h a t  
th e  c o n d i t io n s  f a v o ra b le  f o r  t h e  fo rm a tio n  o f  m o n tm o r i l lo n ite  from  
f e l d s p a r  a r e  n o t  now p r e s e n t ,  even  i n  th e  lo w e r  p r o f i l e .  The e a r l y  
fo rm a tio n  o f  m o n tm o r i l lo n ite  from  f e l d s p a r  i s  p ro b a b ly  r e l a t e d  t o  t h e  
low  h y d rogen  io n  c o n c e n t r a t io n  o f  th e  p a r e n t  ro c k  and  o c cu rs  below  th e  
d e p th  o f  s a m p lin g . The r e l a t i o n  w ith  pH i s  c o m p le te ly  l o s t ,  h o w ev er, 
w here t h e  a c t io n  o f  g ro u n d w a te r  becom es e f f e c t i v e .  P ro b ab ly  a l s o ,  
t h e  c a lc iu m  and  m agnesium , f a v o r a b le  f o r  t h e  fo rm a tio n  o f  m o n tm o ril­
l o n i t e  , a r e  r e t a i n e d  i n  th e  lo w e r , l e s s  le a c h e d  p a r e n t  m a t e r i a l .
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Where l e a c h in g  becom es e f f e c t i v e  and th e  pH d e c re a s e s  s u f f i c i e n t l y ,  
m o n tm o r i l lo n i te  c e a s e s  t o  fo rm  and  m e ta h a l lo y s i te  becom es th e  p ro d u c t 
o f  f e l d s p a r  d e c o m p o s it io n ,
V eiy  l i t t l e  l i t e r a t u r e  e x i s t s  on th e  g e n e s is  o f  h a l l o y s i t e  and  
m e ta h a l lo y s i t e  i n  r e s i d u a l  d e p o s i t s .  P e rh ap s  t h e  m ost e x h a u s t iv e  and  
r e c e n t  i n v e s t i g a t i o n  i s  b y  Sand (1 9 5 ^) who has  s tu d ie d  th e  r e s i d u a l  
k a o l in  d e p o s i t s  o f  th e  S o u th e rn  A p p a lach ian  R e g io n , He c o n s id e rs  th e  
fo n n a t io n  o f  h a l l o y s i t e  o v e r  k a o l i n i t e  t o  be  a  com plex fu n c t io n  o f  
p a r e n t  ro c k  c o m p o s it io n , ro c k  t e x t u r e ,  d e g re e  o f  f r a c t u r i n g ,  to p o ­
g ra p h ic  e x p r e s s io n ,  v e g e ta t io n  and  c l im a te .  B a te s  (1952) has  sug ­
g e s te d  th e  p re se n c e  o r  a b sen ce  o f  s u f f i c i e n t  w a te r  d e te rm in e s  w h e th e r  
h a l l o y s i t e  o r  k a o l i n i t e  w i l l  fo rm . I t  i s  g e n e r a l ly  a g re e d  t h a t  m eta­
h a l l o y s i t e  (2 H^O) i s  a  d e h y d ra t io n  p ro d u c t o f  h a l l o y s i t e  (4  H2O ),
In  t h e  s o i l  p r o f i l e  s tu d ie d  h e r e ,  t h e  f a c t o r s  in f lu e n c in g  th e  
fo im a tio n  o f m e ta h a l lo y s i te  i n  l i e u  o f  k a o l i n i t e  a r e  n o t  o b v io u s . 
X -ray  d i f f r a c t i o n  p a t t e r n s  o f  s e v e r a l  s o i l  c la y s  i n  t h e  v i c i n i t y  o f  
M isso u la  w hich  w ere  ru n  b y  me and o th e r s  a t  M ontana S ta t e  U n iv e r s i ty ,  
i n d i c a t e  m e ta h a l lo y s i t e  t o  be  a  common c o n s t i t u e n t  r e g a r d le s s  o f  
p a r e n t  ro c k  ty p e .  From a l i m i t e d  num ber o f  o b s e r v a t io n s ,  m e ta h a l­
l o y s i t e  a p p e a rs  t o  be  m ore ab u n d an t i n  s o i l s  d ev e lo p e d  a t  h ig h e r  
e l e v a t i o n s .  T h is  s u g g e s ts  t h a t  c l im a te  i s  a  m a jo r in f lu e n c e ,  p a r t i c ­
u l a r l y  th e  amount and  ty p e  o f  p r e c i p i t a t i o n . O th e r s i g n i f i c a n t  
v a r i a t i o n s  w ith  e l e v a t io n  w ould in c lu d e  to p o g ra p h ic  e x p re s s io n  
( d ra in a g e )  and  v e g e ta t io n .
I n  v iew  o f  th e  above e v id e n c e ,  one can o n ly  s p e c u la te  a s  to  
th e  c o n d i t io n s  n e c e s s a ry  f o r  th e  fo rm a tio n  o f  h a l l o y s i t e  and
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m e t a h a l l o y s i t e .  One can  a g re e  w ith  Sand (1956» p* 39) t h a t  good 
d ra in a g e  t o  e f f e c t  th o ro u g h  le a c h in g  o f  th e  b a se  c a t io n s  i s  f a v o r a b l e , 
P e rh ap s  t h e  lo w e r te m p e ra tu re  and lo n g e r  d u r a t io n  o f  snow c o v e r  a t  
h ig h e r  e l e v a t io n s  i s  s u f f i c i e n t  t o  m a in ta in  th e  r e l a t i v e l y  h ig h  hum id­
i t y  ( B a te s ,  1952) n e c e s s a ry  t o  fo rm  t h e  h y d ra te d  k a o l in  ty p e  m in e ra ls ,  
The v e g e t a l  in f lu e n c e  (S a n d , 1956) may b e  s i g n i f i c a n t  b u t  c a n n o t be 
deemed so  i n  t h i s  l o c a l i t y  w ith o u t f u r t h e r  i n v e s t i g a t i o n .
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SUMMARY M D  CONCLUSIONS
The r e s i d u a l  s o i l  d e v e lo p e d  on a  C re ta c e o u s  q u a r tz  m onzon ite  n e a r  
L o lo  Hot S p r in g s ,  M isso u la  C ounty , M ontana, was found  t o  c o n ta in  an 
abundance o f  p r im a ry  m in e ra ls  p lu s  a  com plex s u i t e  o f  seco n d a ry  c l a y  
m in e r a ls .  The c la y  m in e ra ls  p r e s e n t  in c lu d e  m e ta h a l lo y s i t e ,  m o n tm o ril­
l o n i t e  , m ixed l a y e r  c h l o r i t e - v e r m i c u l i t e  and  f i n e  p a r t i c l e  s iz e  m ic a .
C om parison o f  t h e  i n t e n s i t i e s  o f  th e  x - r a y  d i f f r a c t i o n  p a t t e r n s  
o f  th e  c l a y  m in e ra ls  i n d i c a t e  m e ta h a l lo y s i t e  t o  be  t h e  m ost ab u n d an t 
c l a y  m in e ra l*  A l i m i t e d  num ber o f  a n a ly s e s  from  v a r io u s  l o c a l i t i e s  
n e a r  M is s o u la ,  M ontana, show m e ta h a l lo y s i te  t o  be  a  common s o i l  c l a y  
r e g a r d l e s s  o f  p a r e n t  ro c k  ty p e .  The p ro p o se d  f a c t o r s  f a v o r in g  th e  
fo rm a tio n  o f  m e ta h a l lo y s i te  a r e :  (1 )  T o p o g rap h ic  e x p re s s io n  f a v o ra b le
t o  good d r a in a g e ,  (2 )  Thorough le a c h in g  o f  th e  c a t io n s  r e le a s e d  
d u r in g  w e a th e r in g  o f  th e  p r im a ry  m in e r a ls ,  and (3 )  The w a te r  c o n te n t  
o f  t h e  s o i l ,  p a r t i c u l a r l y  a s  in f lu e n c e d  by  t h e  d u r a t io n  o f  snow c o v e r .  
M e ta h a l lo y s i te  i s  c o n s id e re d  t o  b e  a  p ro d u c t o f  f e l d s p a r  d e c o m p o s itio n .
M o n tm o r il lo n ite  i s  fo u n d  to  have a d u a l  o r i g i n ,  d ep end ing  on 
p o s i t i o n  w i th in  th e  p r o f i l e .  I n  th e  zo n es  o f  i n c i p i e n t  w e a th e r in g , 
m o n tm o r i l lo n i te  fo rm s "by a l t e r a t i o n  o f  t h e  f e ld s p a r s  and  i s  l a r g e l y  a  
f u n c t io n  o f  th e  pH o f  t h e  s y s te m . In  th e  zones o f m ore in te n s e  
w e a th e r in g ,  m o n tm o r i l lo n ite  form s by  d e g ra d a t io n  o f  b i o t i t e .  A 
s i g n i f i c a n t  change i n  th e  r e l a t i v e  c o n c e n t r a t io n s  o f  m o n tm o r i l lo n ite  
and  m e ta h a l lo y s i t e  r e s u l t s  from  t h i s  d i f f e r e n c e ,
A 10 A r e f l e c t i o n  i s  c o n s id e re d  t o  r e p r e s e n t  f i n e  p a r t i c l e  s i z e  
m ica  r e s u l t i n g  from  p h y s ic a l  an d  ch em ica l d e g ra d a t io n  o f th e  b i o t i t e
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w ith o u t  d e s t r u c t i o n  o f  t h e  m ica s t r u c t u r e .  S t r u c t u r a l  and c h e m ic a l 
ch an g es  o f  t h e  b i o t i t e  y i e l d  b o th  m o n tm o r i l lo n ite  and  m ixed l a y e r  
c h l o r i t e - v e r m i c u l i t e •
C hem ical a n a ly s e s  o f  th e  b u lk  sam ples show n e t  l o s s e s  o f  sodium , 
p o ta ss iu m  and  ru b id iu m  and n e t  g a in s  o f  s tro n tiu m  and i r o n  d u rin g  
w e a th e r in g .  L o sses  o f  th e  e le m e n ts  a r e  e f f e c t e d  th ro u g h  le a c h in g  
b y  g round  w a te r  a f t e r  r e l e a s e  from  th e  p rim ary  m in e r a l s .  The g a in  
i n  s t r o n t iu m  i s  a t t r i b u t e d  t o  a d s o rb t io n  b y  th e  c l a y  m in e ra ls  w h ile  
i r o n  i s  g a in e d  b y  p r e c i p i t a t i o n  o f  in s o lu b le  o x id e s  a f t e r  le a c h in g  
from  th e  p r im a ry  m in e r a ls .
L e ach in g  o f  th e  s o i l  m a te r ia l  w i th  sodium  a c e t a t e  s o lu t io n s  show 
th e  h ig h e s t  a v a i l a b l e  (e x c h a n g e a b le )  c a t io n  c o n te n t  w i th in  th e  "B" 
s o i l  h o r iz o n ,  c o r re s p o n d in g  t o  a zone o f  c o n c e n tr a t io n  o f  c la y  s i z e  
p a r t i c l e s .  C alcium  and m agnesium  a re  th e  dom inant ex ch an g eab le  
c a t i o n s .  The s o i l  h a s  an exchange c a p a c i ty  i n d i c a t i v e  o f  th e  k a o l in  
c la y  m in e r a l s .
An abundance o f  p r im a ry  m in e ra ls  th ro u g h o u t th e  p r o f i l e  a t t e s t  
t o  a  y o u th f u l  s ta g e  o f  s o i l  d e v e lo p m e n t.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX I
METHODS OF ANALTSIS
The s o i l  p r o f i l e  was sam pled in  e a r l y  Ju n e , 1958» A nalyses 
w ere begun d u r in g  th e  re m a in d e r  o f  t h e  summer and c o n tin u e d  th ro u g h  
th e  fo l lo w in g  sc h o o l y e a r*  A l l  a n a ly s e s ,  e x c e p t t r a c e  e le m e n ts , 
w ere c o n d u c te d  th ro u g h  th e  f a c i l i t i e s  o f  th e  v a r io u s  s c ie n c e  d e p a r t ­
m ents a t  M ontana S ta t e  U n iv e r s i ty .  X -ra y  s p e c t ro g ra p h ic  a n a ly s e s  o f  
t r a c e  e le m e n ts  w ere p erfo rm ed  a t  t h e  M ontana School o f  ItLnes, B u t te ,  
M ontana. W henever p o s s i b l e ,  e s ta b l i s h e d  p ro c e d u re s  o f  a n a ly s is  w ere 
u t i l i z e d .
M ech an ica l a n a ly s e s .  A f i f ty - g r a m  p o r t io n  o f  each  sam ple was 
s e p a r a te d  w ith  a  m o d if ic a t io n  o f  th e  Jo n e s  ty p e  sam ple s p l i t t e r  
(K rum bein, 19 3 8 , p .  ^ 5 )  and u se d  f o r  g r a in  s i z e  d e te r m in a t io n .  T h is  
p o r t io n  was d is p e r s e d  i n  one l i t e r  g r a d u a te s  u s in g  d i s t i l l e d  w a te r  
and sodium  m e tap h o sp h a te  a s  a  d i s p e r s in g  a g e n t .  S iz e s  below  0 .0 5  mm 
w ere  d e te rm in e d  by  th e  Bouyoucos s o i l  h y d ro m ete r m ethod (K rum bein, 
1 9 3 8 , p .  172 ) .  The l e s s  th a n  tw o -m icro n  f r a c t i o n  was w ithdraw n an d  
s to r e d  i n  su sp e n s io n  f o r  m in e r a lo g ic a l  a n a ly s e s .  The sam ple was th e n  
d r ie d  and s c re e n e d  on s ta n d a rd  T y le r  s c re e n s  f o r  d e te rm in a tio n  o f  
th e  san d  and s i l t  f r a c t i o n s .
M in e ra lo g ic a l  a n a ly s e s . Modal a n a ly s e s  o f  th e  p a r e n t  ro c k  w ere  
d e te rm in e d  w i th  t h e  p é t r o g ra p h ie  m ic ro sco p e  u s in g  th e  p o in t  c o u n t 
m ethod o f  Chayes (1 9 4 9 ) .  A t o t a l  o f  2800 c o u n ts  was made on tw o t h i n  
s e c t i o n s .  M in e ra lo g ic a l  d e te rm in a tio n  o f  th e  w e a th e re d  m a te r i a l  was 
a cco m p lish e d  by  x - r a y  d i f f r a c t i o n  te c h n iq u e s  a s  f o l lo w s ;
33
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C lay  f r a c t i o n .  The l e s s  th a n  tw o  m icron  ( c la y )  f r a c t i o n  
sav ed  from  t h e  m e c h a n ica l a n a ly s e s  was c e n t r i f u g e d  on u n g la z e d  
p o r c e la in  p l a t e s  to  o b ta in  maximum o r i e n t a t i o n  p a r a l l e l  t o  th e  b a s a l  
p la n e  ( K in te r  and Diam ond, 1 9 5 5 )»  T hese  sam ples w ere th e n  d r ie d  a t  
4 0 ° 0 ,  p r i o r  t o  x - r a y in g .  X -ray  d i f f r a c t i o n  p a t t e r n s  w ere o b ta in e d ,  
u s in g  n i c k e l  f i l t e r e d  Cu K a lp h a  r a d i a t i o n .  A r e c o rd in g  c h a r t  sp e e d  
o f  -^"/m inu te  was sy n c h ro n iz e d  w ith  a  d i f f r a c to m e te r  sca n n in g  r a t e  o f  
1® 2 - 0 /m in u te .  The sam p les w ere a n a ly z e d  i n  th e  u n t r e a te d  s t a t e ,  
a f t e r  s a t u r a t i o n  w ith  e th y le n e  g ly c o l ,  and  a f t e r  h e a t in g  a t  600® C. 
f o r  a  p e r io d  o f  f o u r  h o u r s .  A p o r t io n  o f  th e  sam ples w ere t r e a t e d  
w ith  KOH and  a n a ly z e d  t o  d e te rm in e  th e  p o s s ib le  o r ig in  o f  th e  expand­
a b le  m a te r i a l  (W eaver, 1 9 5 8 ) .
R e la t iv e  ch an g es  i n  c o n c e n t r a t io n  o f  th e  c l a y  m in e ra ls  w ere 
d e te rm in e d  b y  co m p ariso n  o f th e  a r e a s  u n d e r  t h e  p eak s  on th e  d i f f r a c ­
t i o n  p a t t e r n s  ( J o h n s ,  1 9 5 4 ) .  A q u a n t i t a t i v e  e s t im a te  p ro v ed  
u n s u c c e s s f u l  due t o  l a c k  o f  in fo rm a tio n  on th e  s c a t t e r i n g  f a c t o r s  f o r  
some o f  t h e  c la y  c o n s t i t u e n t s .
To d e te rm in e  th e  a r e a  u n d e r th e  p e a k s ,  th e  h ig h  b ackground  i n  
th e  lo w  a n g le  r e g io n  was f i r s t  r e s o lv e d  t o  a  h o r i z o n ta l  l i n e  and  th e  
in d iv id u a l  lo w  o rd e r  p eak s  r e s o lv e d  from  th e  new r a - t te m  ( F ig .  1 8 ) .  
The lo w e s t  a n g le  peak  ( m o n tm o r i l lo n ite )  was made sy m m etrica l w ith  th e  
low  a n g le  s id e  o f  th e  peak  an d  t h i s  i n t e n s i t y  s u b t r a c te d  from  th e  
t o t a l  p a t t e r n  t y  d i r e c t  m easu rem en t. The 10 A r e f l e c t i o n  was made 
sy m m e tr ic a l w ith  t h e  h ig h  a n g le  s id e  (due t o  b e t t e r  c o n t r o l  on t h i s  
s id e )  and  t h i s  p o r t io n  a l s o  s u b t r a c te d  from  th e  re m a in in g  p a t t e r n .  
T h is  p ro c e d u re  l e f t  two p eak s  r e m a in in g , one a  h ig h ly  a  sy m m etrica l
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Figure 18. Illustration of the method of resolving the 
various reflections from the x-ray diffraction pattern. 
(A) Normal diffraction pattern with smoothed background 
drawn and "illite" peak made symmetrical with the high 
angle side. (B) Entire pattern reduced to a horizontal 
background, montmorillonite made symmetrical with the low 
angle side of the reflection and both illite and montmor­
illonite subtracted from the total reflection (dashed 
line). (C) Completely resolved pattern. Sample four.
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peak  t r a i l i n g  t o  t h e  lo w  a n g le  s id e  from  a b o u t 7 ,2 - 7 • 5  angstrom s 
and  a  lo w e r  i n t e n s i t y  p eak  a t  a b o u t 1 1 .4  a n g s tro m s . The peak a t  
1 1 .4  an g s tro m s was c o n firm e d  by  h e a t  t r e a tm e n ts  t o  be a  c h l o r i t e -  
v e r m ic u l i t e  m ixed l a y e r  s t r u c t u r e , and  was r e s o lv e d  from  th e  t o t a l  
peak  i n  th e  m anner d e s c r ib e d  f o r  m o n tm o r i l lo n i te • The rem a in in g  asym­
m e t r i c a l  p eak  was c o n s id e re d  a s  th e  t o t a l  c o n t r ib u t io n  o f  m e ta h a l­
l o y s i t e  ( B r in d le y ,  1951) • H ig h er o r d e r  r e f l e c t i o n s  c o u ld  n o t  be u se d  
f o r  co m p ariso n  due t o  i n t e r f e r e n c e  fro m  o th e r  m in e r a ls ,  m a in ly  
q u a r tz  i n  th e  3*5 an g s tro m  r e g io n ,  w hich  masked th e  3rd  o rd e r  i l l i t e  
and  4 th  o r d e r  m o n tm o r i l lo n i te .  The o u t l i n e s  o f  th e  p eak s  th u s  
r e s o lv e d  w ere th e n  t r a c e d  on p a p e r  h av in g  c o n s ta n t  d e n s i ty  and  th e  
w e ig h t o f  th e  p a p e r  was c o n s id e re d  a s  r e p r e s e n t in g  th e  a re a  u n d e r  th e  
p e a k . The r a t i o s  o f  th e s e  w e ig h ts  w ere  th e n  p l o t t e d  a g a in s t  o th e r  
v a r i a b l e s ,
Q u a r tz . The p e rc e n ta g e  o f  q u a r tz  p r e s e n t  i n  th e  w e a th e re d  
m a te r ia l  was d e te rm in e d  by  d i r e c t  i n t e n s i t y  m easurem ents o f  th e  p eak  
h e ig h ts  o f  t h e  101 r e f l e c t i n g  p la n e  o f  q u a r tz  a t  3*34 a n g s tro m s . Each 
sam ple was a n a ly z e d  t h r e e  t im e s  and t h e  a v e ra g e s  o f  th e  i n t e n s i t y  
m easu rem en ts  w ere com pared d i r e c t l y  t o  a  cu rv e  p re p a re d  by a n a ly z in g  
known q u a r tz  c o n c e n t r a t io n s  i n  a  f e l d s p a r  m a t r ix .  The a n a ly s e s  f o r  
q u a r tz  a r e  r e p ro d u c ib le  t o  ±  3 o f  th e  s t a t e s  v a lu e s .
F e ld s p a r s . R e la t iv e  abundance o f  th e  two f e ld s p a r  compo­
n e n ts  ( p la g io c la s e  and  o r th o c la s e )  was a l s o  d e te rm in e d  by  x - r a y  
d i f f r a c t i o n .  Sam ples o f  o l i g o c l a s e  and  o r th o c la s e  fro m  th e  l a b o r a to r y  
w ere a n a ly z e d  i n d i v i d u a l l y  an d  in  v a ry in g  p e rc e n ta g e s  from  70 p e r  c e n t  
o r th o c la s e  t o  70 p e r  c e n t  o l i g o c l a s e .  The a r e a s  ( i n t e n s i t i e s )  o f
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d i f f r a c t i o n  p eak s  a t  28.9® and 2 8 .6 °  2 -0  ( a r i s i n g ,  r e s p e c t i v e l y ,  
from  o l ig o c la s e  and o r th o c la s e )  w ere d e te rm in e d  i n  t h e  m anner p re ­
v io u s ly  d e s c r ib e d  f o r  th e  c l a y  m in e r a ls .  To f a c i l i t a t e  r e s o l u t i o n  
o f  t h e  two p e a k s , a  d i f f r a c to m e te r  sc a n n in g  r a t e  o f  l /4 ° /m in u te  was 
sy n c h ro n iz e d  w ith  a  r e c o rd in g  c h a r t  sp e ed  o f  ^ ' '/m in u te .  A l i n e a r  
r e l a t i o n  e x i s t s  b e tw een  th e  r a t i o s  o f  th e  a re a s  u n d e r  th e s e  peaks 
and  t h e  am ount o f  each  f e l d s p a r  c o n s t i t u e n t .  The w ea th e red  sam ples 
w ere th e n  a n a ly z e d  and com pared t o  th e s e  v a lu e s .  S in ce  th e  m in e ra l­
ogy o f  t h e  sam ples i s  q u i t e  s im p le ,  c o n s i s t in g  d o m in a n tly  o f  q u a r tz ,  
f e ld s p a r s  and  c la y  m in e r a ls ,  a  q u a n t i t a t i v e  e s t im a te  o f  th e  f e ld s p a r s  
c o u ld  b e  made by s u b t r a c t in g  th e  p e r  c e n t  o f  q u a r tz  a s  d e te rm in ed  
above and  th e  p e r  c e n t  o f  c la y  m in e r a ls ,  a s  d e te rm in e d  from  th e  
m e c h a n ic a l a n a ly s e s ,  from  100 and c a l c u l a t i n g  th e  p e r  c e n t o f  th e  
re m a in in g  m a t e r i a l  from  th e  p e r  c e n t  o f  each  f e ld s p a r  c o n s t i tu e n t  
p r e s e n t .  As th e  i n t e n s i t i e s  o f  th e  x - r a y  d i f f r a c t i o n  p a t t e r n  o f  
th e  f e l d s p a r s  a r e  a f f e c t e d  s i g n i f i c a n t l y  by th e  amount o f  p r e f e r r e d  
o r i e n t a t i o n  o f  th e  m in e ra l  g r a in s ,  t h i s  method i s  a t  b e s t  an a p p ro x i­
m a tio n .  The r e s u l t s  a r e  re p ro d u c ib le  t o  th e  s ta t e d  v a lu e s  ±  5» b y  
an  a v e ra g e  o f  t h r e e  a n a ly s e s .
FI Pimentai a n a ly s e s . Q u a n t i ta t iv e  e le m e n ta l  a n a ly s e s  w ere made 
on f i v e  e le m e n ts ,  Na, K, F e , S r  and R b. Sodium and p o ta ss iu m  w ere 
d e te rm in e d  b y  flam e p h o to m e tr ic  te c h n iq u e s .  H a lf  gram sam ples w ere 
p u t  i n t o  s o lu t io n  w ith  h y d r o f lu o r ic  and  p e r c h lo r ic  a c id  and d i l u t e d  
t o  s ta n d a rd  v o lum e. R e s u l ts  w ere d e te rm in e d  i n  p a r t s  p e r  m i l l io n  
a g a in s t  l i t h i u m  a s  an i n t e r n a l  s ta n d a r d .  The r e s u l t s  a r e  c o n s id e re d  
good t o  +  4  p e r  c e n t .  A n a ly ses  o f  i r o n ,  s tro n tiu m  and ru b id iu m  w ere
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made by  D r . John  Hower, M ontana S t a t e  U n iv e r s i ty ,  b y  x - r a y  s p e c t ro ­
g ra p h ic  t e c h n iq u e s .  The s tro n tiu m  and ru b id iu m  a n a ly s e s  a re  
c o n s id e re d  good t o  + 6 p e r  c e n t  and i r o n  t o  +  5 p e r  c e n t .
C a tio n  E xchange.*  The c a t io n  exchange c a p a c i ty  was d e te rm in e d  
c o lo r im e t r i c a H y  u s in g  c a lc iu m  a s  th e  exchange i o n .  Ten grams o f  
s o i l  w ere  t r e a t e d  w ith  1  N ca lc iu m  a c e t a t e  s o lu t io n  t o  f i l l  a l l  t h e  
exchange p o s i t i o n s .  The sam ple was th e n  c e n t r i f u g e d ,  th e  s o lu t io n  
d e c a n te d  and  th e  sam ple w ashed th r e e  t im e s  i n  ab o u t 250 m l. o f  d i s ­
t i l l e d  w a t e r . N e x t, t h e  sam ple was t r e a t e d  w ith  50 m l . o f  1 N 
sodium  a c e t a t e ,  a llo w e d  t o  s ta n d  s e v e r a l  h o u r s ,  a g a in  c e n tr i fu g e d  
and th e  s o lu t io n  a n a ly z e d  f o r  c a lc iu m . A n aly ses  w ere made on a  
lu m e tro n  p h o to e l e c t r i c  c o lo r im e te r  u s in g  0 ,0 8  N sodium  h y d ro x id e  
s a tu r a t e d  w i th  c a lc iu m  o x a la te  a s  th e  p r e c i p i t a t i n g  a g e n t .  O p t ic a l  
d e n s i ty  r e a d in g s  w ere com pared t o  a  w ork ing  cu rv e  p re p a re d  from  known 
c o n c e n t r a t io n s  o f  c a lc iu m  a c e t a t e  s o l u t i o n s .  E xchangeab le  ca lc iu m  
was d e te rm in e d  by th e  same m ethod e x c e p t t h a t  th e  i n i t i a l  t r e a tm e n t  
w ith  c a lc iu m  a c e t a t e  was o m it te d .
E x ch an g eab le  p o ta ss iu m  and m agnesium  w ere a l s o  d e te rm in ed  
c o lo r im e t r i c a H y  u s in g  e s s e n t i a l l y  th e  same p ro c e d u re  a s  f o r  c a lc iu m . 
F o r p o ta s s iu m , th e  p e r  c e n t  t r a n s m is s io n  r e a d in g s  in s t e a d  o f  o p t i c a l  
d e n s i ty  w ere u t i l i z e d .  The p r e c i p i t a t i n g  ag en t f o r  p o ta ss iu m  was a  
s o lu t io n  o f  c o b a l t i - n i t r i t e  and  e th y l  a l c o h o l .  S ta n d a rd  cu rv es  w ere 
p re p a re d  from  known s o lu t io n s  o f  p o ta ss iu m  c h l o r id e .  F or m agnesium ,
♦The c o lo r im e t r i c  p ro c e d u re s  o u t l in e d  a r e  th o s e  u se d  by th e  s o i l s  
l a b o r a t o r y ,  M ontana S t a t e  U n iv e r s i ty  S ch o o l o f  F o r e s t r y ,  as  o u t l in e d  
i n  d e t a i l  i n  t h e i r  l a b o r a t o r y  p r o c e d u re s .
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a  m ix tu re  o f  g ly c e r in  s o l u t i o n ,  sodium  h y d ro x id e  and t i t i a n  y e llo w  
was u se d  a s  p r e c i p i t a t i n g  ag en t*  The c o lo r im e t r ic  r e s u l t s  a re  
r e p ro d u c ib le  t o  + 5 p e r  c e n t .
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APPENDIX I I  
TABIES
Sample K Na Sr-PPM Rb-ppm ^62^3 Rb/K X 10
1 2 .9 7 1 .7 6 130 140 2 .9 2 ,1 4
3 3 .6 3 1 .8 1 110 150 2 ,1 1 .8 9
5 2 .6 0 1 .6 9 140 140 4 .5 2 ,4 6
7 2 .9 3 1 .8 9 130 160 4 ,2 2 .50
9 3 .00 1 .9 9 140 160 3 .4 2 ,4 4
11 3 .0 8 2 .0 0 110 190 3 .4 2 .8 2
13 3 .5 0 2 .01 70 190 2 .1 2 J ^8
15 3 .5 3 1 .9 9 50 190 1 .8 2 ,4 6
17 3 .7 3 1 .8 5 50 190 2 ,4 2,33
19 3 .7 5 2 .1 9 80 190 2 .0 2 ,32
21 3 .8 0 2.26 60 170 2 .3 2 .0 4
T a b le  I -  E le m e n ta l a n a ly s e s  o f  th e s o i l  m a te r ia l  a s  ide te rm in ed
by flam e p h o to m e tr ic  and x - r a y  s p e c tro g ra p h ic  te c h n iq u e s .
Sample CEC Ca * Mg K 2
1 1 0 ,3 3 .9 37 .8 2 .0 1 9 .4 1 ,1 10 .7
3 1 1 .8 3 .1 2 6 .3 3 .8 32 .2 .5 4 ,2
5 5 .8 7 .8 .7
7 1 5 .9 8 .2 53 .5 5 .9 37 .1 .5 3 .1
9 1 7 .5 7 .3 4 1 ,7 3 .9 22,3 .2 1 .1
11 1 4 ,1 7 .2 51 .0 3 .1 2 2 ,0 .4 2 .8
13 2 .5 1 .4 .2
15 2 .8 2 .8 .3
17 5 .2 4 .8 ,4
19 3 .6 2 .1 ,2
21 4 .0 1 .7 ,4
T a b le  I I -  E xch an g eab le c a t io n s  in meq/lOO grams w ith  p e rc e n ta g e
v a lu e s  o f  t o t a l  c a t io n  exchange c a p a c i t i e s .
40
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Or o f ^  Or o f ^  Ab o f Ab 0:
Sample t o t a l b u lk t o t a l b u lk
Number Q u artz F e ld s p a r Sample F e ld s p a r Sample
1 27 54 30 46 25
2 38 53 23 47 21
3 40 51 21 49 214 29 4 5 25 55 26
5 25 35 20 65 36
6 22 33 19 68 36
7 25 49 27 51 288 31 47 24 53 279 33 56 33 44 26
10 32 50 25 50 24
11 33 40 23 60 34
13 38 52 24 48 23
15 37 58 28 42 20
17 37 56 29 44 23
19 27 57 37 43 28
21 27 52 34 48 41
T a b le  IV* P e rc e n ta g e s  o f  p a r e n t  ro c k  m in e ra ls  w i th in  th e  s o i l
m a te r ia l •
Sample " I l l i t e " C hl-V erm . Montmor * M e ta h a ll•
Number t o t a l  c la y t o t a l  c la y t o t a l  c la y t o t a l  c la y pH
1 .142 .090 .252 .518 6 .7 0
2 .170 .150 .320 .368 7.40
3 .202 .138 .177 .482 6 .9 04 .H9 .137 .262 .482 6.80
5 .354 .127 .141 .377 7 .9 56 .244 .089 J.38 .529 7 .5 0
7 .088 .114 .178 .620 7 .6 58 .199 .102 .212 .487 7 .6 0
9 .097 .056 . 0 # .751 7 .6 510 .159 .106 .106 .630 7 .3 0
11 .076 .068 ,081 .798 7 .6 0
12 .212 .124 .162 ,502 7.40
13 .128 .144 .158 .566 7 .1 014 .082 .1 1 5 .106 .697 7.10
15 .1 1 6 .100 .103 .677 7 .2 5
16 .085 .142 .184 .590 7 .3 5
17 .097 .098 .157 .650 7 .1 018 .083 .083 .260 .607 7 .6 5
19 .042 .042 .386 -.505 7 .7 020 .076 .076 .343 .497 7 .7 0
21 .068 .068 .474 .398 7.80
T a b le  V . R a t io s  o f  t h e  i n t e n s i t i e s o f  t h e  f i r s t o rd e r  r e f l e c t i o n s
o f  each  c la y  m in e ra l  t o  t h a t  o f  th e  t o t a l  c l a y  f r a c t i o n  and 
pH.
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